Cell therapy is an emerging paradigm for the treatment of heart disease. In spite of the exciting and promising preclinical results, the benefits of cell therapy for cardiac repair in patients have been modest at best. Biomaterials-based approaches may overcome the barriers of poor differentiation and retention of transplanted cells. In this study, we prepared and tested hydrogels presenting extracellular matrix (ECM)-derived adhesion peptides as delivery vehicles for c-kit + cardiac progenitor cells (CPCs). We assessed their effects on cell behavior in vitro as well as cardiac repair in rats undergoing ischemia reperfusion. Hydrogels presenting the collagen-derived GFOGER peptide induced cardiomyocyte differentiation of CPCs as demonstrated by increased expression of cardiomyocyte structural proteins. However, conditioned media obtained from GFOGER hydrogels showed lower levels of secreted reparative factors. Interestingly, following injection in rats undergoing ischemia-reperfusion, treatment with CPCs encapsulated in nonadhesive RDG-presenting hydrogels resulted in the preservation of cardiac contractility and attenuation of postinfarct remodeling whereas the adhesion peptide-presenting hydrogels did not induce any functional improvement. Retention of cells was significantly higher when delivered with nonadhesive hydrogels compared to ECM-derived peptide gels. These data suggest that factors including cell differentiation state, paracrine factors and interaction with biomaterials influence the effectiveness of biomaterials-based cell therapy. A holistic consideration of these multiple variables should be included in cell-biomaterial combination therapy designs.
INTRODUCTION
Cardiovascular disease is the leading global cause of death. In the United States, cardiovascular diseases are responsible for 1 in every 4 deaths and pose an economic burden of over $200 billion per year. 1 Myocardial ischemia results in large-scale cardiomyocyte death by necrosis and apoptosis, which commences a cascade of compensatory remodeling mechanisms. 2 The pathological remodeling following cellular loss is a common cause for heart failure. Existing treatment strategies, such as pharmacological agents, lifestyle modification, and reperfusion, slow down the progression of remodeling but do not reverse or halt it. Development of heart failure is linked to high morbidity and mortality and can only be cured by heart transplantation. 3 Cell therapy is an emerging treatment strategy for cardiac repair. C-kit+ cardiac progenitor cells (CPCs) are adult stem cells that have been shown to differentiate into cardiomyocytes, endothelial cells and vascular smooth muscle cells, and exert beneficial paracrine effects. [4] [5] [6] They are safe for delivery as determined in phase I clinical trials and do not pose ethical issues. These cells can be easily isolated and expanded, and then delivered autologously or allogeneically to patients. 7, 8 These attributes make CPCs an attractive choice for cell therapy for heart failure and other cardiovascular diseases. Despite the positive outlook and exciting preclinical study results, injection of CPCs in humans in phase I trials resulted in moderate but likely insufficient improvements in cardiac function after myocardial infarction. 7 This suggests the need for enhancements to cell function to maximize their reparative potential.
The poor outcome of cell therapy is generally attributed to the rapid wash out of injected cells as well as the hostility of the environment in the infarcted myocardium. 9 Biomaterials have the potential of overcoming these obstacles by allowing retention of cells and providing them a custom microenvironment in the infarcted myocardium. 10, 11 Maleimide-cross-linked poly(ethylene glycol) (PEG-MAL) hydrogels are attractive vehicles for cell delivery to the heart as they maintain high cell viability and are injectable. Their high tunability in terms of their mechanical properties, degradation rate, and ability to present sites for linkage of bioactive ligands for cell adhesion and stimulation also makes them attractive for translation. 12 Previous studies demonstrate that these versatile hydrogels can deliver therapeutic proteins to the myocardium following infarction in rats. 13 Extracellular matrix (ECM) proteins present sites for cell adhesion and influence cell behavior including induction of differentiation, proliferation and enhancement of paracrine effects. For example, CPCs cultured on collagen show increased connexin43 expression, suggesting potential cardiomyogenic differentiation. 14 Culturing CPCs on fibronectin leads to increased proliferation and survival under stress. 15 Therefore, natural and synthetic biomaterials presenting ECM-inspired ligands can be used as cell carriers to enhance cell therapy effects. ECM-derived adhesion peptides can be covalently conjugated to PEGmaleimide through Michael-type addition reactions. We hypothesized that ECM-derived peptide presenting hydrogels will enhance CPC-based therapy by activating signaling involved in reparative processes.
CPCs were encapsulated in hydrogels presenting a RGD peptide derived from various ECM proteins including fibronectin, the triple helical, collagen-mimetic peptide GFOGER, or nonadhesive scrambled peptide RDG. Basal integrin expression on CPCs and rheological properties of hydrogels were characterized. In vitro expression of lineage markers to assess differentiation of CPCs and secreted factors following encapsulation in ECM-derived peptide gels or nonadhesive control gels were measured. In vivo effects of delivery of these constructs on cardiac function in an ischemia-reperfusion model and ex vivo analyses of cardiac fibrosis, angiogenesis, hypertrophy, and retention of exogenous cells were performed.
MATERIALS & METHODS

CPC Isolation and Culture
C-kit+ cardiac progenitor cells (CPCs) were isolated from human atrial tissue obtained from children aged 1 week or less undergoing corrective surgery at Children's Healthcare of Atlanta, following Institutional Review Board approval as previously published. 16 The tissue was rinsed with cold Hank's Buffered Salt Solution (HBSS) and chopped into small pieces. Enzymatic degradation of ECM was performed by incubation with 1 mg/mL collagenase II (Worthington) solution at 37 °C, 5% CO 2 for 30 min and the solution was then passed through a 70 μm strainer (BD). Magnetic beads (Dynal) conjugated to anti-c-kit antibodies (Santa Cruz H-300) were prepared. The cells were mixed with beads conjugated to anti-c-kit antibody and incubated on a rocker in a humidified cell culture incubator for 2 h. Magnetic beads were incubated with digested tissue to bind c-kit+ cells and then separated using a magnet, interspersed with two washes. The separated c-kit+ cells were expanded and expression of c-kit in the collected population was measured by flow cytometry to ensure they were at least 90% positive. Cells from three donors were pooled at the first passage and used for our experiments. Human CPC (hCPC) cell culture media included Ham's F-12 base media (Corning), 100 U/mL penicillin-0.1 mg/mL streptomyocin cocktail (Cellgro), 2 mM L-glutamine (Cellgro), 0.1 μg/mL basic fibroblast growth factor (Sigma) and 10% heat inactivated fetal bovine serum (Hyclone). Media was refreshed every 2-3 days.
Hydrogel Synthesis and Cell Encapsulation
Poly(ethylene glycol)-based hydrogels encapsulating cells and different peptides were prepared using a modified one-step functionalization procedure. Components were resuspended in pH 6.0 10 mM HEPES in Dulbecco's PBS with Ca 2+ and Mg 2+ (DPBS++). A premixed solution of the protease-sensitive cross-linker peptide "VPM" (GCRDVPMS-MRGGDRCG) (New England Peptide), hCPCs (10 million cells/mL hydrogel), and nonadhesive ligand 'RDG' (GRDGSPC) (AAPPTec) or "RGD" (GRGDSPC) (New England Peptide) or "GFOGER" (GGYGGGP(GPP) 5 GFOGER(GPP) 5 GPC) (AAPPTec) was mixed with 20 kDa PEG-MAL (Laysan Bio). The final concentration of the RDG/RGD/GFOGER peptide was 1.0 mM, 4% or 5% w/v for PEG and the concentration of VPM (New England Peptide) was equal to the balance maleimide sites remaining after accounting for maleimides theoretically reacting with the 1.0 mM adhesive/scrambled ligands. A schematic of the hydrogel synthesis procedure is shown in Figure 1 . The solutions were mixed in a 1 mL syringe barrel as a mold and allowed to gel at 37 °C for 10 min, transferred to a 24 well plate containing 500 μL/well Ham's F-12 media (without serum) with 1x Insulin-Transferrin-Selenium (Cellgro), 100 U/mL penicillin-0.1 mg/mL streptomyocin cocktail (Cellgro), and 2 mM L-glutamine (Cellgro) (CPC treatment media). Media was changed every 2-3 days.
Integrin Expression and Cell Adhesion
mRNA analysis was performed by real-time PCR. A standard curve was prepared using human atrial tissue to obtain mRNA copy number and GAPDH was used as a housekeeping gene. Protein expression was measured using colorimetric α/β integrin mediated cell adhesion array (EMD Millipore ECM532), following the manufacturer's protocol. Briefly, cells were dislodged from tissue culture flasks using Versene (Life Technologies) and integrin surface expression measured using ELISA array plates read using a plate reader (Biotek Synergy2). For measuring cell adhesion, cell-free hydrogels presenting RDG or RGD and 2 mg/mL collagen gels (Cellgro) were prepared in 96-well plates and swollen in DPBS++ for 2 h. CPCs were washed and incubated with 3 μM Calcein for 20 min, dislodged (TrypLE) and plated on gels (50k cells/well) in serum and phenol free DPBS++. After 20 min, cells were washed using DPBS++ and fluorescence measured using a plate reader (Biotek Synergy2).
Rheology
As described in a previous publication, 17 cell-free hydrogels were made, swollen in DPBS+ + overnight and their storage and loss moduli measured using dynamic oscillatory strain and frequency sweeps performed on a MCR 302 stress-controlled rheometer (Anton Paar, Austria) with a 9 mm diameter, 28 cone, and plate geometry. The hydrogels were loaded between the cone and plate, and the measuring system was lowered to a 39 μm gap. Initial strain amplitude sweeps were performed at ω = 10 rad/s to determine the linear viscoelastic range of the hydrogel. Oscillatory frequency sweeps (0.5-100 rad/s) were then used to determine the storage and loss moduli at a strain of 1%.
Real-Time PCR
Cells were harvested in Trizol (Life Technologies) and total RNA was isolated by following the manufacturer's protocol. For isolating RNA from cells encapsulated in hydrogels, the hydrogels were homogenized in Trizol using a homogenizer (Fisher Scientific PowerGen 500). RNA quantification and purity were determined by absorbance readings at 260 and 280 nm (BioTek Synergy2 Spectrophotometer). cDNA was prepared from mRNA using a MuMLV reverse transcriptase-based reaction. Real-time polymerase chain reaction was performed and analyzed using Step One Software (Applied Biosystems). ΔΔC t method was used to obtain fold change values over the specified control. Primer sequences are provided in Table S1 .
Western Blotting for Cardiac Proteins
For analyzing cells encapsulated in hydrogels, the hydrogels were degraded by incubation with 1 mg/mL collagenase I (Worthington) solution for 40 min and the released cells were pelleted by centrifugation. Cells were homogenized in NP-40 lysis buffer supplemented with protease inhibitor (Sigma-Aldrich P2714) and phosphatase inhibitor cocktails (Cell Signaling Technology 5870S). The lysate was centrifuged at 10 000g for 10 min. The supernatant was stored at -80 °C until further analysis and the pellet was resuspended in RIPA buffer. Equal total protein amount samples, as measured by micro BCA, were loaded on SDS-PAGE gels. The separated proteins were transferred onto nitrocellulose membranes, blocked using 5% bovine serum albumin dissolved in tris-buffered saline with 0.1% Tween-20 (BSA-TBST) at RT for 1 h, incubated with primary antibody at 4 °C overnight, washed with TBST three times for 10 min each, incubated with 1:5000 v/v horseradish peroxidase-conjugated secondary antibody (Bio-Rad) at RT for 1 h, washed three times for 10 min each, incubated with the substrate ECL (Denville Scientific) or ECL Prime (GE) and then exposed to an X-ray film (Denville Scientific). The films were scanned at 600 dpi resolution and obtained bands were quantified by densitometry analysis in ImageJ (NIH). Information on antibodies used is provided in Table S2 .
Conditioned Media Immunoassay
Conditioned media from cell-laden hydrogels was separated, centrifuged at 10 000g for 10 min to remove particulate matter, and supernatant stored at -80 °C until further analysis. Dilutions (1:2) of the samples were processed using a Luminex kit (R&D Systems-LXSAH) following the manufacturer's protocol. Briefly, the samples were added to a mixture of color-coded beads that were precoated with analyte-specific capture antibodies. Biotinylated detection antibodies specific to the analytes of interest were added to from an antibodyantigen sandwich. Phycoerythrin (PE)-conjugated streptavidin was added to bind biotinylated detection antibodies. The beads were analyzed on a Luminex 100 instrument. Concentrations were obtained from fluorescence readings by mapping on to a standard curve. 
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Animal Studies
All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee of Emory University. Athymic rats (Crl:NIH-Foxn1rnu) (~250 g, 6-8 weeks old) were obtained from Charles River Laboratory. Rats were anesthetized with 2% isoflurane, orally intubated, and ventilated. The left anterior descending coronary artery was ligated for 30 min followed by reperfusion. During reperfusion, 60 μL of hydrogels were injected into the myocardium at three border zone locations using a 275 /8 G insulin syringe (BD) similar to a previous report. 13 Cardiac function was evaluated 7 and 28 d after surgery by echocardiography (Acuson Sequoia 512 with a 14 MHz transducer). All functional evaluations were conducted and analyzed by investigators blinded to the animal treatment group. Ejection fraction, fractional shortening and left ventricular internal diameter measurements were obtained by analyzing scans in M-mode (Vevo 2100). The rats were euthanized 4 weeks after surgery and their hearts were excised and processed for histological analyses. Sham group rats underwent opening of chest under anesthesia but their artery was neither ligated nor reperfused. IR only animals underwent artery ligation and reperfusion but did not receive any injection.
Histology and Immunostaining
Explanted hearts were fixed in 4% paraformaldehyde at 4 °C overnight or RT for 4 h, dehydrated in ethanol and embedded in paraffin using Leica TP1020 tissue processor. Five to seven micrometer thick sections were made. The paraffin-embedded heart tissue sections were dewaxed in Histoclear (National Diagnostics) followed by a series of washes in ethanol.
Picrosirius Red-The sections were stained with picrosirius red solution for 1 h, washed in acidified water and ethanol, and mounted with resinous medium (Cytoseal). Whole slide scans were taken (Hamamatsu) and the percentage of fibrosis was quantified from low resolution images using Aperio software as the ratio of fibrotic tissue (stained red) to total tissue.
Isolectin-The sections underwent antigen retrieval in pH 6 citrate buffer for 10 min and were incubated with FITC-tagged isolectin (Vector) for 1 h at RT or 4 °C overnight. Three randomly chosen sections in the infarct border region were photographed and the number of fluorescent cells also positive for DAPI were manually counted.
Wheat Germ Agglutinin-The sections underwent antigen retrieval in pH 6 citrate buffer for 10 min and incubated with rhodamine-tagged isolectin (Vector) for 30 min at RT. The cross-sectional areas of 6-8 myocytes in the infarct border region were measured by manual tracing (CellSens software).
Human Mitochondria-The sections underwent antigen retrieval in pH 6 citrate buffer for 20 min, permeabilization with 0.1% Triton X for 10 min and were incubated with antihuman mitochondria antibody (1:50 v/v, Abcam) overnight at 4 °C, followed by incubation with alkaline phosphatase-conjugated secondary antibody (1:50 v/v, Sigma). The sections were incubated with Vector Red (Vector) substrate for 10 min, counterstained with methyl green, dehydrated in ethanol and mounted with resinous medium (Cytoseal). Whole slide scans were taken (Hamamatsu) and cells positive for both human mitochondria (pink color developed by alkaline phosphatase-Vector Red reaction) and nuclei (green stain by methyl green) were counted (NDP view software).
All histological evaluations were performed by blinded investigators.
Statistics
All data are expressed as mean ± SEM. To determine significance of difference between means, either a one-way or two-way analysis of variance (ANOVA) followed by the appropriate posthoc test, or Student's t test was performed using GraphPad Prism5, as specified with each result. A value of p < 0.05 was considered statistically significant.
RESULTS
Integrin Expression in hCPCs and Cell Adhesion to ECM-Derived Peptide Hydrogels
To assess the availability of integrin receptors as first points of contact with ECM-derived peptide-presenting hydrogels, mRNA expression of relevant integrins and protein expression on surface of hCPCs were measured. GFOGER is known to interact with α1β1, α2β1, α10β1 (found primarily in cartilage) and α11β1. RGD is a ligand for αvβ1, αvβ3, αvβ6, αvβ5, α5β1, α8β1, α11β3, and α3β1 integrins. 18 A pool of hCPCs from three neonatal patients at passages ranging from P3-10 was tested. mRNA expression of integrin subunits was measured using real-time PCR and is shown in Figure 2A . Protein expression was measured using an ELISA array based on colorimetric detection and the results are shown in Figure 2B . Absolute values of integrins expressed on surface could not be measured because of lack of a standard curve. CPCs show prominent expression of β1 at both mRNA and surface protein level. They also express α2 and αv integrin subunits relevant to GFOGER and RGD ligands, respectively. The expression level of β3 was below detection level in assay of both mRNA and surface protein. Since αvβ3 is the major player in cell adhesion to RGD and α5β1 plays a minor role, 19 cell adhesion to RGD gels was tested using a wash assay. As shown in Figure 2C , cells showed higher adhesion to RGD and GFOGER gels than nonadhesive RDG gels.
Mechanical Characterization of Hydrogels
Mechanical properties of biomaterials are known to influence stem cell differentiation 20 and therefore the mechanical properties of these hydrogels could impact the fate of transplanted cells. In addition, biomaterials are thought to dissipate wall stresses in infarcted hearts for which their mechanical properties are relevant as well. 21 Rheological characterization of hydrogels was performed to measure their mechanical properties and results are shown in Figure 3 . The storage moduli (G′) of RDG and RGD gels were similar but both were significantly lower than GFOGER gels on comparison of density-matched hydrogels. Loss moduli (G″) were found to be comparable among all groups.
Expression of Lineage Markers in Encapsulated CPCs
To assess the ability of ECM-derived peptide presenting gels to induce differentiation of CPCs via integrin signaling activation, mRNA expression of several lineage markers for cardiomyocyte, endothelial and vascular smooth muscle was performed. As shown in Figure  4A , mRNA expression of cardiac transcription factors nkx2_5 and mef 2c, cardiomyocyte specific structural proteins myh7, myl2, tnnt2, and ctnni3 were upregulated in cells encapsulated in GFOGER gels as measured by real-time PCR 2 d after encapsulation. mRNA expression of endothelial and vascular smooth muscle markers was not significantly different between the groups (Figure S1 ). To determine if this carried through at the protein level, expression of selected cardiomyocyte markers was measured. Protein levels of cardiomyocyte structural proteins myosin heavy chain (MHC) and troponin I (TnI) were significantly increased in GFOGER gel-encapsulated CPCs ( Figure 4B) as measured by Western blotting at 2 d after embedding cells.
Paracrine Factors Released in Conditioned Media
Paracrine factors have been shown repeatedly to be a very important mode by which stem cells including CPCs exert their effects. 22 The modulation of paracrine factors by ECMderived peptide presenting hydrogels was tested by measuring concentrations of several analytes in conditioned media obtained after 2 and 5 d. As shown in Figure 5 , the levels of paracrine factors VEGF, HGF, and FGFb were significantly lower in the conditioned media of cell-laden GFOGER gels compared to conditioned media from RDG-and RGDfunctionalized hydrogels at both d 2 and 5. RDG and RGD peptides had similar levels of these factors. IGF-1, MMP9, IL10, PDGF-BB, and SDF1 concentrations were below the range of detection and concentration of MMP2 was over the detection range.
Cardiac Function
To determine if there were functional changes by cells encapsulated within hydrogels, we injected the indicated formulation immediately following ischemia-reperfusion (IR) injury. Results for ejection fraction (EF) and fractional shortening (FS) at 28 d after surgery are shown in Figure 6A . IR predictably resulted in a significant decrease in cardiac function compared to sham-operated animals. Interestingly, only animals that received cell therapy in RDG-presenting hydrogels significantly improved EF and FS values as compared to IR alone. Both RGD-and GFOGER-functionalized gel treatments did not show improvements in cardiac function as compared to IR animals. 
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Histological Evaluation
To gain insights on the observed cardiac performance following various treatments, histological evaluation of fibrosis, angiogenesis, hypertrophy, and retention of transplanted human cells was performed. As shown in Figure 7A , the percentage of scar tissue in cellladen RDG gel group was significantly lower than IR only, with no effect of any other treatment. Angiogenesis was measured by staining sections with isolectin, which stains rodent endothelial cells and other cells expressing terminal α-galactosyl residues. Both RDG and RGD groups showed higher number of isolectin-positive vessels than IR only group at d 28, but the GFOGER group was not significantly different ( Figure 7B ). To determine hypertrophy of cardiomyocytes, cross-sectional areas were measured by tracing cell membranes stained by fluorescently tagged wheat-germ agglutinin. Figure 7C demonstrates that only in RDG treated animals was cross-sectional area of myocytes significantly improved compared to IR alone. Retention of transplanted cells at d 28 was measured by counting cells stained with human specific antimitochondria antibody in the left ventricular wall. Figure 7D shows that significantly higher number of human CPCs was found in sections from RDG treated animal hearts as compared to RGD and GFOGER gel treated hearts. The retention of transplanted cells correlated with improvement in function and reduction in scar tissue.
DISCUSSION
Cell therapy is undergoing clinical trials and numerous preclinical and clinical studies are being pursued to enhance the efficacy of cell therapy for treating heart failure. Biomaterialsbased strategies have shown potential to improve outcomes of cell therapy because of many properties. These include the ability of biomaterials to enhance retention of cells, act as reserves of growth factors that can be presented to the cells, and create a custom microenvironment that promotes regeneration instead of the hostile environment in the heart post-MI. 10 In this study, we evaluated encapsulated human pediatric-derived c-kit+ cardiac progenitor cells in PEG hydrogels presenting ECM-derived adhesion peptides: fibronectinderived RGD, collagen-mimetic GFOGER, or control scrambled nonadhesive RDG peptide. GFOGER gels induced cardiomyocyte differentiation of CPCs and lowered levels of reparative secretive factors in vitro. In an in vivo model of ischemia reperfusion, only nonadhesive RDG gels codelivered with CPCs improved function whereas ECM-derived adhesive peptide-presenting gels did not.
Expression of integrins relevant to RGD and GFOGER ligands adhesion were measured at the mRNA level by real-time PCR and at protein level using ELISA and β1 was found to be the most abundant subunit through both real-time PCR and ELISA measurements, although the absolute concentration of protein could not be measured in the absence of a standard curve. β1 integrins are important participants in reparative mechanisms associated with cell therapy such as proliferation, migration, differentiation 15, 23, 24 so the presence of this subunit in CPCs suggests that they may be good candidates for cardiac repair cell therapy. The expression of α2β1, which adheres to GFOGER with high affinity, was detected on the CPCs. β3, the major integrin involved in RGD binding was found to be below detection levels on our cells, keeping with prior studies on c-kit + cells obtained from the heart. 25 Despite this, CPCs showed higher adhesion to RGD gels than nonadhesive RDG gels, though less than gels with GFOGER. The adhesion could be mediated by αvβ3 whose expression levels may be below detection limits of the assays used but sufficient to mediate adhesion. In the absence of αvβ3, other integrins such as α5β1, αvβ1 and αvβ5 may be playing a role in mediating adhesion of CPCs to RGD hydrogels.
As mechanical properties of hydrogels are important determinants of cell fate and in vivo performance, rheological characterization of 4% and 5% w/v hydrogels functionalized with RDG, RGD or GFOGER was performed with and without cells. The storage modulus was determined to be much greater than the loss modulus indicating that these gels are elastic in nature. GFOGER gels exhibited greater storage moduli than RDG and RGD gels of the same PEG density. While the same cross-linker and conditions were used for all the gels, it is possible that the longer GFOGER peptide is able to form a secondary structure that results in slightly stiffer gels. Despite its higher modulus, even the GFOGER hydrogel constructs were much softer than the heart. 26 While native tissue-like stiffness of biomaterials is most conducive to differentiation, [27] [28] [29] softer hydrogels are commonly used in studies perhaps because they are more likely to permit diffusion of nutrients and viability of encapsulated cells. 30 Despite being softer than native heart tissue, we observed induction of cardiomyocyte differentiation of CPCs in only the GFOGER group. Along with biochemical factors, mechanical stimulation plays a significant role in inducing cardiomyocyte differentiation. 20 Our observations of GFOGER-gel induced differentiation could be the result of the biological signal initiated by GFOGER, possibly mediated through α2β1
integrins, even in the absence of supplemental growth factors, and physical properties of the GFOGER-PEG hydrogel. Our finding that signaling initiated by collagen adhesive site GFOGER, perhaps through stimulation of α2β1 integrins, may be involved in CPC differentiation is novel. Other biochemical and physical cues such as aligned electrospun scaffolds, epigenetic modulators, growth factors, notch signaling modulators and stretch have been shown to induce cardiomyogenic differentiation of CPCs [31] [32] [33] [34] [35] but the nature of biochemical cues driving the differentiation is not clear. Further investigation of α2β1
integrin stimulation as a method of cardiomyogenic differentiation induction should be performed using specific integrin blocking studies. It would also be interesting to determine the extent to which GFOGER stimulation can drive maturation of the cells by measuring expression of more mature markers like connexin43 and calcium channel proteins at this or a later time point.
Along with cardiomyocyte differentiation induction, we found significantly lowered expression of the paracrine factors HGF, VEGF and FGFb by cells in GFOGER gels as early as d 2 and d 5. RDG and RGD gels had similar levels of these growth factors in their conditioned media. HGF, VEGF, and FGFb show cardio-protective, mitogenic effects and direct stem cell homing to ischemic myocardium; VEGF and FGFb are angiogenic factors. 36, 37 In our study, differentiation of CPCs was accompanied by a lower release of beneficial paracrine factors. Such an observation has been made with c-kit+ BM-MSCs wherein 5-Aza treatment increased their cardiomyocyte differentiation but led to reduction in VEGF and bFGF expression by the cells. In this study, the less differentiated cells showed higher growth factor secretion and also led to the greatest cardiac recovery in vivo. 38 The relation between paracrine factor levels and cardiomyocyte differentiation, however, is not always inverse suggesting the differentiation and paracrine factor release processes may be independent of each other or dependent on other factors. For example, culturing rat CPCs in Jagged-1-presenting hydrogels induced cardiomyocyte differentiation of the cells in vitro and in vivo implantation of this construct led to improvement in cardiac function post-MI. Conditioned media of the differentiating cells showed higher levels of SCF, CPC migration and proliferation and cardiomyocyte proliferation. 34 In all of these cases though, as in our study, the groups with higher paracrine factor levels showed greater cardiac function improvement suggesting paracrine factors may be the main mechanism of cell therapy induced-benefits, even within biomaterials.
On injection of hydrogel-cell constructs in athymic rats that underwent ischemiareperfusion, we found the nonadhesive RDG gel + CPCs combination to drive the greatest cardiac function improvement 4 weeks later. Gels presenting ECM-derived peptides RGD and GFOGER gels carrying CPCs failed to improve cardiac function which was unexpected as these ligands were expected to stimulate regenerative signaling in cardiac progenitor cells based on literature. 14, 15 Cell-free RDG gels did not increase cardiac function and neither did cells delivered without a hydrogel carrier (cells only group), suggesting the important role of both the RDG hydrogel carrier and cells in driving the improvement in EF and FS. Four percent GFOGER gels had comparable mechanical properties as 5% RDG gels but they also failed to improve cardiac function at d 28 suggesting that the mechanical properties were not solely responsible for the observed effects. These data point to the role of CPCs, PEG hydrogels and the nonadhesive ligands presented by the hydrogels in synergistically leading to cardiac function improvement of infarcted rat hearts. While we did not measure it in this study, it may be possible that the act of injection alone, or with saline, may induce an inflammatory reponse and this should be examined in future studies.
Given the cardiomyogenic differentiation of CPCs in GFOGER gels in vitro, we were expecting CPC + GFOGER gels to improve cardiac function more than the other combinations. This assessment was based on prior studies using CPCs that have shown differentiation inducing strategies to support greater cardiac function improvement. 34, 39 However, in those studies paracrine factors were upregulated along with differentiation or not measured. On the other hand, other studies examining different cell types have shown the less differentiated cells to demonstrate greater improvement in cardiac function owing to greater engraftment, paracrine factor release or survival under stress in less differentiated cells. 38, 40, 41 We saw that GFOGER gels induced cardiomyogenic differ-entiation of CPCs and a reduction in paracrine factor levels in vitro. In vivo, GFOGER gels encapsulating CPCs could not preserve cardiac function and had less angiogenesis, and did not improve fibrosis or hypertrophy 4 weeks after treatment. The inability of GFOGER + CPC group to rescue cardiac function despite showing the greatest differentiation potential of all combinations studied points to the role of lowered paracrine effects observed in this group as a potential explanation.
The in vitro paracrine factor profile and differentiation state of CPCs, and dynamic modulus measured by rheology were comparable between RGD and RDG gel groups, so they cannot explain the differences between the two groups in vivo. At the 28 d time point, both RDG and RGD gels encapsulating CPCs showed significantly improved angiogenesis compared to IR only. Note that isolectin-positive cells were marked as surrogates for angiogenesis, which labels not just mature perfused large and micro vessels but endothelial cells of immature vessels as well. 42 Retention of transplanted CPCs in left ventricle was significantly higher in RDG group than RGD group. In all groups, the number of human cells found in the rat heart at d 28 was much lower than what was injected, which is consistent with observations in other cell therapy studies and reinforces the paracrine hypothesis. Even though the number of retained transplanted cells was low, nonetheless, a correlation was found between the number of retained cells and improvement in cardiac function following cell delivery. Such a correlation between retention, even though low, and functional benefit has been observed with other cell types before. [43] [44] [45] [46] Other potential mechanistic explanations for our findings could be that the adhesive ligands may be inciting a stronger immune response leading to destruction and consequently lower retention of transplanted cells. 47 Another possibility is that the ligands RGD and GFOGER may be blocking the integrins on delivered CPCs, even as the cells are released along with hydrogel degradation by VPM cleavage. This in turn may be preventing them from engaging with the infarcted myocardium through those integrins and possibly limiting their engraftment as has been seen with other cell types. 44, 48 In addition, the degradation of these hydrogels is protease-dependent and the protease activity in the environment of nonadhesive and adhesive hydrogels may be differential due to paracrine secretion. While prior studies show that the inclusion of binding peptides in PEG hydrogels does not alter degradation kinetics in vitro, we are unable at this time to measure these data in vivo. Degradation rate of nonadhesive gels may be better suited for engraftment of released cells into the injured host tissue and in turn improve cardiac function. Finally, future studies should investigate the use of CPC loaded nonadhesive hydrogels in clinically relevant immunocompetent rats and treatment administration at later time point equivalent to clinically practical scenarios as the immune response plays a significant role in post-MI pathophysiology and repair mechanisms.
CONCLUSIONS
In this paper, we tested ECM-derived peptide presenting hydrogels delivering CPCs as a therapeutic strategy for cardiac repair following myocardial infarction. In vitro findings showed hydrogels presenting GFOGER peptide mimicking collagen adhesive site to induce cardiomyogenic differentiation of CPCs accompanied by a reduction in release of reparative growth factors. However, contrary to expectations, only nonadhesive hydrogels showed improvement in cardiac function and prevention of maladaptive remodeling in rats that underwent ischemia-reperfusion. Overall, this study reveals novel insights about the behavior of CPCs in ECM-derived peptide presenting or nonadhesive scaffolds in vitro and response to these constructs in an animal model of ischemia-reperfusion. These findings add to our understanding of factors that influence the outcome of cell therapy and will help in future design of strategies for enhancing cell therapy for cardiac repair. ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 January 08.
